serve to regulate the elastic properties of the link between two anchors. This may occur with the giant muscle protein titin, which is linked to large multiprotein complexes at the muscle Z and M lines (Labeit and Kolmerer, 1995). Unfolding and refolding of titin Ig and FN-III modules may help to maintain the tension during the extension and relaxation of muscle and thereby contribute to the passive elasticity of muscle (Kellermayer et al., 1997; Tskhovrebova et al., 1997; A. Minajeva et al., submitted). Partial or total unfolding of a domain could also selectively alter the activity of that domain. Activation or inactivation of an enzymatic activity could, for example, generate a force-induced signaling mechanism. Domain unfolding could regulate the interaction between that domain and a receptor molecule, despite the lack of direct stress on the bond. Conformation changes due to stretching forces could expose or disassemble structures involved in binding and thereby favor or inhibit the interaction.
The clearest example of a role for force-induced unfolding in the nervous system involves the activation of the modular protein fibronectin during ECM formation. 
, 1998). a receptor molecule to which it is bound and thereby
Although there is no direct evidence for mechanical generating a signal, or by changing the conformation unfolding of other neuronal proteins in vivo, it is likely of one or more of its constituent protein domains. An that FN-III domains in other proteins could unfold under example of the former mechanism may occur with the stress just as well. The other types of domains discussed integrins, a family of cell surface proteins that bind to in this review, Ig, cadherin, and spectrin domains, have fibronectins in the ECM. When microscopic magnetic mechanical stabilities roughly comparable to FN-III dobeads coated with anti-integrin antibodies were used mains and therefore may also unfold under physiological to exert mechanical force on integrin receptors exconditions. Force-induced domain unfolding may be a pressed in a cell line, an increase in internal Ca 2ϩ was common mechanism during the formation of cell-cell generated (Pommerenke et al., 1996 containing the arginine-glycine-aspartic acid (RGD) se-1992). Hippocampal LTP, but not synaptic transmission at rest, was also blocked by antibodies toward cadherquence, which mimics the portion of fibronectin that binds to integrin and thereby blocks their interaction, ins (Tang et al., 1998) . One explanation for this phenomenon is that the trans-synaptic bond between cadherin or by antibodies to integrins (Chen and Grinnell, 1995). This effect may be mediated through a direct mechanical molecules was disrupted during intense activity and that this somehow leads to enhanced transmission. It is interaction of integrins with some component of the exocytotic machinery (Chen and Grinnell, 1997). Meknown that the interaction between cadherin molecules is dependent on Ca -Vazquez et al., 1999b) . The force extening kinetics of a modular protein may be studied using a two-pulse protocol ( Figure 6D ). The molecule is sion curve of the I27 polyprotein ( Figure 6A ) differed stretched twice, with a variable delay between the two extensions, and the degree of refolding is determined by the proportion of domains that have been able to refold (i.e., the number of peaks in the second forceextension curve divided by the number in the first). Analysis of refolding in a fragment of human tenascin-C resulted in a pattern that suggested two exponential rates of refolding (Oberhauser et al., 1998) . This complexity is likely derived from the heterogeneity of the FN-III domains in tenascin. Refolding in the I27 polyprotein, however, showed a single exponential rate of refolding of 1.2 s Ϫ1 (Carrion-Vazquez et al., 1999b) . This was the first direct mechanical measurement of the kinetics of domain refolding. A similar protocol has been used to determine the dependence of refolding on the extent to which the protein chain is relaxed before reextension ( Figure 6E ). These data suggest that refolding is also highly dependent on the force. Fourth, the simultaneous extension of several identical domains has enabled the identification of subtle conformational changes that occur prior to the all-or-none unfolding event (see below;
Marszalek et al., 1999a).
The size of the measured length increment caused by I27 unfolding (28.1 nm; Carrion-Vazquez et al., 1999a) gives important structural information about the domain. Since each amino acid contributes about 0.40 nm to a stretched peptide chain (Carrion-Vazquez et al., 1999a), this increment corresponds to a length of about 70 amino acids. Since this is less than the total number of amino acids in an I27 fold (89), some of the amino acids must be extended along the axis of stretch before domain unfolding occurs. Amino acids are therefore either "force bearing", those that are exposed to mechanical . This is contrary to what would have been hidden amino acids), the interval between unfolding expected based on thermodynamic measurements, peaks on the force extension curve was, as expected, since these suggest that I27 is more stable than I28. increased by about 2.0 nm per domain (Carrion-Vazquez Thermodynamic stability is therefore not a good indicaet al., 1999a). Insertion of glycines in the force-bearing tor of mechanical stability. While thermodynamic stabilportion of the sequence, however, had no effect on the ity is determined by the difference in the free energy unfolding interval because these amino acids were fully of the folded and unfolded state, mechanical stability stretched before the unfolding of domains occurred seems to be determined by the height and shape of (Carrion-Vazquez et al., 1999a) . , 1999b) . This suggests that the bond breakage that forms the rate-limiting step in domain unfolding is the same during chemically or forceinduced denaturation. It remains to be seen whether this tight correlation will hold for other proteins and domains, particularly proteins not exposed to mechanical stress in vivo. The refolding rates for the polyproteins, however, were slower than those measured following chemical denaturation of I27 monomers (1.2 s Ϫ1 compared to 32 s Ϫ1 , respectively). This may be due to the reduced rotational freedom of domains tethered in a modular protein and may better reflect the kinetics of refolding of tethered proteins in situ. One of the great advantages of measuring forceinduced unfolding with AFM is that deviation from the expected entropic behavior can indicate intermediates in the unfolding pathway. These observations may reveal the pathway through which proteins unfold and refold and how domains respond to forces lower than those required for full unfolding. Such changes were identified in the pathway of unfolding for the I27 domain in polyprotein experiments (Marszalek et al., 1999a) . Prior to the unfolding of any domains a slow increase in force (a "hump") with an amplitude of 108 Ϯ 19 pN bonds of the AЈG patches in any of the domains. The hump does not appear in a mutant polyprotein in which one of the amino acids thought to be involved in the to two domains plus the length of force-bearing amino interaction (at position 6) was mutated from a lysine to acids between two domains. This strongly suggests that a proline (I27-K6P; Figure 8A ). Thus, each of the I27 the unfolding peak preceding the gap is due to breaking molecules undergoes a small forced extension before the interaction between the AЈ strand of one domain any of them unfold. The presence of humps prior to the and the G strand of the neighboring domain ( Figure 9C ). second and subsequent unfolding peaks suggests that Such misfolding events were also observed in refolding the AB bonds reform very quickly when unfolding of a experiments using tenascin (Oberhauser et al., 1999), domain relieves the tension on the polyprotein. Thus, showing that such events can also occur in native prothe A and B strands form a hinge-like mechanism that teins and might occur in situ. These events were never regulates the length of the I27 module.
observed on the first extension of a protein, however, Mechanical unfolding has also allowed the identificawhich suggests that they only occur when multiple contion of misfolding events in polyproteins. These events secutive domains are simultaneously unfolded. The were observed as "missing peaks" during AFM refolding rates at which they occur is also low (about 2% in the experiments (Oberhauser et al., 1999; Figures 9A and I27 polyprotein and 4% in tenascin). The remarkable 9B). The amplitude of the force peaks before and after fidelity of domain refolding suggests that rapid reformathe gap were normal (i.e., close to 200 pN). When the tion of secondary structures favors the interaction belength increment caused by the unfolding event following the gap was measured, it was found to correspond tween AЈ and G strands within the same domain.
Other protein domains that have been used to construct polyproteins to be extended with the AFM include the C2A domain of synaptotagmin, which has a ␤ sandwich structure, and calmodulin, which has an ␣-helical structure. The C2 domain has been proposed to be the calcium sensor that initiates membrane fusion during neurotransmitter release (Sudhof and Rizo, 1996), while calmodulin is a primary mediator of Ca 2ϩ -dependent processes in the cell. Neither of these molecules is exposed to force in situ, and it was of interest to see if such domains had different mechanical properties than domains that are exposed to stress. Extension of the C2A domain was found to yield unfolding peaks of only about 60 pN (Carrion-Vazquez et al., 2000) . Simulations of force-induced extension of the C2A domain suggest that these low forces reflect a mechanical topology that is different than Ig and FN-III domains (Lu and Schulten, 1999) . The hydrogen bonds in the AЈG patch of the I27 domain are perpendicular to the axis of extension, a "shear" configuration, and therefore must be broken simultaneously for the two strands to be moved relative to one another. The hydrogen bonds holding the C2 domain together, in contrast, are parallel to the axis of extension (a "zipper" configuration). This means that the bonds may break sequentially, and that the strands may tend to separate at lower force ( force spectroscopy with the AFM may help to elucidate The AFM offers an unprecedented opportunity to charwhether mutations are capable of altering the mechaniacterize force-induced conformational changes in neucal properties of proteins such as L1, and whether such ronal proteins. How, for example, do the domains in a changes could be responsible for developmental or fibronectin molecule unfold in response to stress? What other defects in humans. are the conformational changes responsible for the activation of fibrillogenesis? Force-induced extension of
